Introduction
The jumbo squid, Dosidicus gigas, which is the largest ommastrephid squid endemic to the Eastern Tropical Pacific Ocean, is distributed between 408N and 458S [Ehrhardt et al., 1983; Nigmatullin et al., 2001] . Found off Peru, Mexico, and California, the highest concentrations support important fisheries with strong impact in the world market [Arg€ uelles et al., 2001; Markaida and Sosa-Nishizaki, 2001 ]. The economic importance of the jumbo squid requires improved understanding of ecological aspects of the different phases of its life cycle, and its relation with environment changes on different spatial and temporal scales [Arg€ uelles et al., 2001; Chavez et al., 2003] .
Strong, still unexplained, fluctuations in the size and structure of its population and catch, as well as changes in its distribution, have been documented [Fiedler et al., 1992; Vecchione, 1999; Markaida, 2006; Robinson et al., 2015] . A number of studies describe possible relationships between large-scale environmental events and fluctuations in the abundance and distribution of the jumbo squid. The significant expansion of its range, northward from California to as far as Alaska, has been associated with the El Niño of [1997] [1998] , and the subsequent cool phase has been linked with the latest regime shift in the Eastern Pacific Ocean [e.g., Chavez et al., 2003; Zeidberg and Robison, 2007; Bazzino et al., 2010; Hoving et al., 2013] . Other, complementary, studies suggest that the observed changes could be related to the frequency of occurrence of shorter-term phenomena, such as mesoscale fronts and eddies, because most ommastrephids take advantage of these productive areas for feeding, breeding, and spawning [e.g., Kiyofuji and Saitoh, 2004; Gilly et al., 2006] .
The northward expansion of the D. gigas populations has also been related with the global expansion of water masses relatively poor in dissolved oxygen [Stewart et al., 2013] , often called the oxygen minimum zones (OMZs). The OMZs are present in regions of high productivity, where high microbial respiration below the euphotic zone and sluggish deep water mass renewal from midlatitudes and Polar Regions contribute to the formation of steady state low-oxygen zones in the water column . There is no consensus on the oxygen threshold defining an OMZ [Hofmann et al., 2011] , but it has been reported that when oxygen concentrations drop below 44 mmol/kg or 1 mL/L (denoted here as hypoxic conditions), the pelagic organisms may be stressed. When the oxygen concentrations fall below 9 mmol/kg (denoted here as suboxic conditions), the organisms may die, as is the case for Atlantic anchovies and some flatfishes, which present mortality between 90 and 100%, at dissolved oxygen concentrations below 9 mmol/kg [Gray et al., 2002; Diaz and Rosenberg, 2008; Stramma et al., 2008] .
The Eastern Tropical Pacific Ocean off Mexico contains the largest naturally hypoxic region of the world [Fiedler and Talley, 2006; Diaz and Rosenberg, 2008; Stramma et al., 2010] , but it is one of the least studied in physical and biological terms [Fern andezAlamo and F€ arber-Lorda, 2006; Davies et al., 2015] . The northern limit of this OMZ was reported previously by Cepeda-Morales et al. [2013] , who identify the northern boundary of the shallow OMZ in the Eastern Tropical Pacific off Mexico between 168N and 238N. The mean depth of the OMZ (9 mmol/kg) ranges from 300 to 400 m depth between 208N and 238N. Further south (from 168N to 208N), the OMZ is much shallower (60 m depth) because of the poleward transport of hypoxic Subtropical Subsurface Water. The location of the northern limit of the shallow OMZ is associated with the seasonal advection of California Current Water, Subtropical Subsurface Water, and regional mesoscale activity, as has been described by God ınez et al. [2010] and Kurczyn et al. [2012 Kurczyn et al. [ , 2013 .
Possible biological consequences of shallow OMZ expansion [Stramma et al., 2008 [Stramma et al., , 2010 include decreased vertical range of the oxygenated habitat for pelagic organisms of all sizes, from zooplankton, including squid paralarvae, to top predators such as the largest ommastrephid squid [Prince and Goodyear, 2006; Gilly et al., 2006] . Given that the Eastern Tropical Pacific Ocean off Mexico has been reported as one the most important habitats of the jumbo squid, it is evident that changes in the shallow OMZ will have effects on their life cycle. They are particularly sensitive to short-term events during the 2-3 week paralarval stages, but studies of development and vertical migration of the paralarvae in relation to environment are lacking.
Taxonomic studies of the paralarvae of ommastrephid indicate that the paralarvae of the species purple squid Sthenoteuthis oualaniensis and Dosidicus gigas, species coexisting in this broad region cannot be reliably distinguished by their morphology in the smallest phases (from 1 to 4 mm in mantle length) and so molecular techniques must be used [Gilly et al., 2006; Ramos-Castillejos et al., 2010; Camarillo-Coop et al., 2011] . When molecular identification is not possible because of formalin preservation or other limitations, paralarvae in the Eastern Tropical Pacific region are generally assigned to the complex Sthenoteuthis oualaniensis-Dosidicus gigas ''SD complex'' [Vecchione, 1999; Staaf et al., 2013; De Silva-D avila et al., 2015] .
The paralarvae of the SD complex have been recorded in the Eastern Tropical Pacific as having their highest abundance in the central region off Mexico during spring and early summer, in agreement with their spawning period in this region [Ueynagi and Nonaka, 1993; Vecchione, 1999; Staaf et al., 2013] . The presence of these paralarvae has also been recorded in the Gulf of California [Gilly et al., 2006; Staaf et al., 2008; Camarillo-Coop et al., 2011; De Silva-D avila et al., 2015] and off the Pacific coast of the Baja California Peninsula [Ramos-Castillejos et al., 2010] since the early 1980s. However, in the absence of studies of the vertical distribution of the SD complex in relation to dissolved oxygen, the impact of the expansion of the shallow OMZ on the paralarvae distribution and their survival is unknown. Given the high abundance of paralarvae of the SD complex collected with manta (surface) nets in previous studies in the Eastern Tropical Pacific [Ueynagi and Nonaka, 1993; Vecchione, 1999; Staaf et al., 2013] , the oxygenated surface layer is expected to be the preferential habitat of the SD complex. In addition, considering the expansion of the hypoxic and suboxic layers noted by Diaz and Rosenberg [2008] and Stramma et al. [2010] , it might be suggested that the consequent vertical thinning of the oxygenated layer affects the preferred habitat of paralarvae and causes them to expand horizontally to more oxygenated waters. As a contribution to investigating these issues, this study examines the three-dimensional distribution of the paralarvae of the SD complex (Cephalopoda: Ommastrephidae) during its spawning period (April-May) close to the northern limit of the shallow oxygen minimum zone in the Eastern Tropical Pacific Ocean.
Material and Methods

Sampling Methods
To obtain a synoptic vision of the ETP off Mexico, satellite images of sea surface temperature (SST) and chlorophyll (4 3 4 km) (CHL) from the Aqua/ MODIS satellites were obtained from http://oceancolor.gsfc.nasa. gov/cgi/level3.pl (Figure 1 ). Geostrophic circulation and mesoscale structures (e.g., eddies) are examined by means of SSHA (Sea Surface height Anomaly). The altimeter data analyzed in this work are the high-resolution sea level anomalies distributed by Ssalto/Duacs at 7 day intervals on a 1/3_Mercator grid, objectively interpolated onto a uniform 1/4_ grid and referenced to a relative 7 year mean (1993-1999) (http://www.aviso. oceanobs.com) [Ducet et al., 2000; Le Traon et al., 2003 ].
The CTD (Conductivity, Temperature, and Depth) data and zooplankton samples were obtained on board the R/V ''Francisco de Ulloa'' (CICESE) from 26 April 2012 to 5 May 2012 (Figure 1 ). One transect (stations B01 to E37 with 41 stations) was made alongshore from the entrance of the Gulf of California to Cabo Corrientes, roughly parallel to the mainland. The second ''cross-shore'' was perpendicular to the coast from off Sinaloa to the open ocean (C17 to C01 with 11 stations). The transects intersected at station E18 of the alongshore line. The cross-shore line made few days later omitted even number stations after C05 so that the intersection lay midway between C05 and C07. A total of 52 stations were sampled, in which 52 CTD casts and 28 zooplankton tows were taken. The distance between stations along the transect was 10 km. Vertical profiles were obtained at each station using a SeaBird 911plus CTD probe equipped with dissolved oxygen and fluorescence sensors. Conservative Temperature H (8C) and Absolute Salinity (S A , g/kg) were calculated from in situ temperature and practical salinity with the TEOS-10 (Thermodynamic Equation of Seawater-2010) software, which was downloaded from http://www.TEOS-10.org [IOC et al., 2010; Pawlowicz et al., 2010] . Chlorophyll a concentration (mg Chl a/m 3 ) was calculated internally by the fluorometer with the nominal factory calibration, producing a proxy of phytoplankton biomass to be used in relation to physical structures [God ınez et al., 2011] . The oxygen dissolved concentration was expressed mmol/kg in accordance with Hofmann et al. [2011 Hofmann et al. [ , 2012 . The CTD data were processed using the calibrations of the manufacturer (http://www.seabird.com/sbe911plus-ctd).
Velocity profiles were measured with a broadband Teledyne-RDI 300 kHz lowered acoustic Doppler current profiler (LADCP) attached to the CTD protection frame. The sampling bins were 8 m thick preprocessed using LDEO IX software [Thurnherr, 2010] . The absolute velocity profiles were obtained with the methods described by Visbeck [2002] . A standard objective mapping interpolation was applied, using a classic Gaussian correlation function with relative errors of 0.1, a 70 km horizontal length scale and a 30 m vertical scale. The first useful data bin was at approximately 8 m depth.
Vertical distributions of fish larvae are often separable into strata associated with the surface mixing layer, thermocline/chlorophyll a maximum layer, and deeper layers [e.g., Danell-Jim enez et al., 2009; Davies et al., 2015] . Given that squid paralarvae of D. gigas and Todarodes pacificus are demonstrably sensitive to temperature gradients [Camarillo-Coop et al., 2011; Staaf et al., 2011; Yoo et al., 2014] , and possibly also to dissolved oxygen , net haul sampling was carried out in these three layers. For the purposes of the cruise, the thermocline was defined as the temperature band 16-228C, which was roughly centered around the maximum temperature gradient. The first stratum was essentially the mixed layer. The second covered the thermocline and the chlorophyll a maximum, and the third was from the bottom limit of the hypoxic water (9 mmol/kg) to the base of the thermocline/chlorophyll a maximum layer, coinciding in most cases with the 44 mmol/kg oxypleth. The depth of each net haul was selected by visual inspection of the CTD profile that preceded each zooplankton tow. The profiles of temperature, chlorophyll a, and dissolved oxygen of each station can be found in God ınez et al. [2012] .
The hauls were performed during day and night using opening-closing conical zooplankton nets with a 60 cm mouth diameter, 250 cm net length, and 505 lm mesh size (http://www.generaloceanics.com). To determine the real depth of each zooplankton tow, the depth of the net was calculated by the cosine of the wire angle method, following the standard procedures of Smith and Richardson [1979] . In Table 1 , the depth limits and range of each zooplankton tow are shown. In some stations, the real depth range varied significantly from that intended because of changing ambient conditions during the hauls and mechanical problems with the boat winch.
The volume of filtered water was calculated using calibrated flow meters placed in the mouth of each net. Samples were fixed with 5% formalin buffered with sodium borate.
Zooplankton displacement volume, estimated by the displacement volume [Beers, 1976; Kramer et al., 1972] , was standardized to mL/1000 m 3 .
Cephalopod paralarvae were separated from the samples, and ommastrephids were identified by morphological characteristics [Wormuth et al., 1992] . These paralarvae are known as rhynchoteuthion. Their distinctive form is recognized easily by the presence of a proboscis, which develops into tentacles when the paralarvae reach 10 mm of mantle length. When the proboscis suckers were visible, they were checked for correspondence with the genera Sthenoteuthis and/or Dosidicus (where eight suckers are the same size) [Gilly et al., 2006; Ramos-Castillejos et al., 2010] . If the proboscis was absent or the suckers were missing, ommastrephids were identified by the characteristic inverted-T funnel locking cartilage of this family. Since all complete organisms found in the samples corresponded to Sthenoteuthis and/or Dosidicus, all incomplete paralarvae were counted as the same, since other ommastrephids are rare in the Eastern Tropical Pacific [Staaf et al., 2013] . Because of the difficulty of identifying paralarvae <4 mm to species level, these were identified as SD complex [Ramos-Castillejos et al., 2010; Staaf et al., 2013] . Paralarvae >4 mm were identified to species level (S. oualaniensis or D. gigas) based on the development of ocular and intestinal photophores (present in S. oualaniensis and absent in D. gigas) [Ramos-Castillejos et al., 2010] . The paralarvae abundance was standardized to number of larvae per 1000 m 3 .
In order to explore which of the two species dominated the SD-complex, 26 ethanol-preserved paralarvae of this complex (sampling stations E15 and E17) were used to be identified through molecular genetic techniques with a fraction of cytochrome oxidase I (COI) gene of mitochondrial DNA, following the protocols of Aljanabi and Martinez [1997], Gilly et al. [2006] , and Ramos-Castillejos et al. [2010] . In molecular genetic identification, 11 COI sequences from six D. gigas and five S. oualaeniensis, from the GenBank, were used as references. Genetic distances of Kimura's two-parameter model [Kimura, 1980] among reference sequences of COI and paralarvae sequences were used to display phylogenetic relationships by neighbor-joining (NJ) tree (5000 bootstraps), using MEGA 6.0 software [Tamura et al., 2013] .
Statistical Analysis
The nonparametric Kruskal-Wallis test [Sokal and Rohlf, 1985; Siegel and Castell an, 1988] was used to assess the statistical significance of differences in total paralarval abundance between daytime and nighttime, and among the three depth strata. When the null hypothesis was rejected, a Mann-Witney test was used to establish whether significant differences occurred between pairs of strata [Daniel, 2008] .
Principal component analysis (PCA) was applied to define the relations between paralarvae distribution of the SD complex and environmental variables. The main matrix of the PCA was the environmental matrix, which contains the zooplankton displacement volume (mL/1000 m 3 ) of each zooplankton tow where paralarvae were present, and the average of the values of Conservative Temperature H (8C), Absolute Salinity (g/kg), chlorophyll a (mg Chl a/m 3 ), and dissolved oxygen (mmol/kg) of each zooplankton tow where paralarvae were collected. The standardized abundance of paralarvae was fourth-root transformed, and added as a complementary variable to PCA.
(H, S A ) diagrams were constructed in order to investigate relationships between the dissolved oxygen concentrations, the paralarvae abundance, and the water masses during the cruise. The thermohaline boundaries between water masses were graphed as in L eon-Ch avez et al. [2010, 2015] and Davies et al. [2015] .
Results
Environmental Variables
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The geostrophic circulation was dominated by three mesoscale eddies of diameter in excess of 100 km, as evident in the gridded SSHA (Figure 2 ). Relative minima and maxima in sea level indicate cyclonic and anticyclonic circulations, respectively. An anticyclonic eddy A1 (10 cm SSHA, with velocities 0.2 m/s) occupied the entrance of the Gulf. Southwest of A1 was a cyclone C1 of similar diameter (220 cm SSHA, with velocities 0.3 m/s). Between A1 and C1, a northwestward jet crossed the offshore end of transect C01-C17, while further offshore between C1 and a second anticyclone A2, a jet flowed southeastward from the California Current area. The latter flow coincided with cooler, higher CHL upwelled waters in the images of Figure 1 . The area of the eddy A1 corresponded closely with the highest sea surface temperatures and lowest CHL in the satellite data of Figure 1 . Transects of sampling stations crossed the eastern and southern peripheries of the anticyclonic eddy A1 (Figure 2 ). Further to the north, the alongshore transect crossed a weak cyclonic meander inside the Gulf, while south of A1, the circulation was weak close to the sampling line. Figure 2 , show generally good agreement with the surface velocities derived from the altimetry. This is despite the inevitable spatial and temporal blurring caused by the interpolation between altimeter tracks separated in time and space and the instantaneous nature of the LADCP velocities, which contain tidal, inertial, and other high-frequency contributions. One discrepancy occurs at stations C03-C05 near the Sinaloa coast, where the LADCP vectors indicate northward flow opposite to those from altimetry. However, altimetry vectors closest to shore near C01 do agree with the LADCP. It is possible that this difference represents views at slightly different times of the nearshore northward flow known to occur intermittently along this coast [Lav ın et al., 2006] . Otherwise, the LADCP vector fields support the location and structure of the eddy A1 as depicted in the altimetry data.
LADCP velocity vectors averaged over the upper layers 8-48 m, overlaid in red in
The vertical section of LADCP velocities in the transect B01-E37 (Figures 3a and 3b) showed alternating zones of shoreward and seaward flow with speeds <0.2 m/s. Only the velocity component normal to transect is shown as the along-transect component was relatively uniform. The inshore flank of the eddy A1 detected by satellite was observed between stations B10 and E19, with a width of 120 km. On the northern side, it had positive (i.e., northeastward) flow with speed >0.05 m/s extending down to 200 m depth (B10-E12), In the cross-shore transect, the thermocline (Figures 4b and 5b ) followed the same tendency as in the along-shore transect, except that the depression of the thermocline in the eddy A1 zone, between stations C15 and C07, was more noticeable, probably because this transect crossed closer to the eddy center ( Figure  2 ). The isotherms were elevated near to the Sinaloa coast, corresponding to upwelling seen in Figure 1 . The dissolved oxygen distribution in the transect B01-E37 (Figure 5c ) revealed a surface oxygenated layer (>176 mmol/kg) of 30-40 m depth in most of the transect, but thinned to 12 m depth near Cabo Corrientes (E37). Values of (44 < DO < 176) mmol/kg define the upper limit of the hypoxic water layer, which was situated near 80 m depth in the Gulf of California entrance, deepened slightly between stations B11 and E19 in the center of the inshore flank of the eddy A1, and shoaled to 20 m depth near Cabo Corrientes. The upper limit of suboxic waters, indicated by the 9 mmol/kg oxypleth, had a similar overall tendency, rising from 180 m depth in the entrance of the Gulf to 25 m depth near Cabo Corrientes, showing an appreciable elevation at this cape (between stations E29 and E37) and deepening noticeably in the inshore flank of the eddy A1.
The distribution of the surface oxygenated layer (>176 mmol/kg) along the cross-shore transect C17-C01 (Figure 5d ) is similar to the alongshore transect, showing thinning of the surface layer near to the Sinaloa coast (12 m thickness) compared to the ocean side (40 m thickness). Both hypoxic and anoxic layers were thinned near to the coast (from station C03 to station C01) as a result of the upwelling showed in Figure 1 . In contrast, all the layers deepened significantly where the transect crossed the eddy A1.
The Absolute Salinity ranged between 34.8 and 35.4 g/kg (Figure 6a) showing fluctuations along the alongshore transect parallel to shore in the first 100 m depth. A core of lower salinity (34.8 g/kg) was observed between stations E12 and E16, at the center of the eastern flank of eddy A1 (Figure 3a) . Salinity fronts were observed to both sides of this salinity minimum, stronger on the Gulf of California side between stations B11 and E11. A surface zone of higher salinity (35.2 g/kg) can be seen immediately offshore of Cabo Corrientes (stations E25-E37). Below the more saline surface layers, the salinity was relatively homogenous between 34.9 and 35.1 g/kg down to at least 200 m.
The Absolute Salinity in the transect C17-C01 (Figure 6b ) revealed the highest surface salinity values (35.2 g/kg) near the Sinaloa coast between stations C07 and C01. The zone near to center of the eddy A1 was marked by deepening of the 35 g/kg isohaline, but the minimum salinity was not as low (<35.0 g/kg) as in the alongshore transect (<34.8 g/kg) and was displaced east of the apparent center (C09). Station C17 also showed water with lower salinities (<34.6 g/kg) between eddies A1 and C1 (Figure 2 ), likely California Current Water recirculated around the eddy C1.
The chlorophyll a values indicated mesotrophic water with maxima of 2.5 mg/m 3 in both transects (Figures 6 and 7) . The chlorophyll a concentration was higher in a 45 m thick band in the thermocline (1-2.5 mg/m 3 ), with the highest values nearshore, between stations E25 and E37 off Cabo Corrientes and between stations C04 and C01. The isolines of chlorophyll a, like the isotherms and oxypleths, showed a slight depression between stations B11 and E18, and C15 and C07, consistent with the presence of the eddy A1. In both transects, the highest values associated with the eddy A1 were found more on its border, rather than nearer to the center.
The zooplankton biomass ranged from 20 to 1100 mL/1000 m 3 showing the highest values (>1000 mL/ 1000 m 3 ) in and above the thermocline irrespective of time of day and light conditions in both transects (white fill, light hours; black fill, darkness) (Figures 4a and 4b ). In the hypoxic and suboxic water, the zooplankton biomass was lower (<44 mmol/kg) than in the oxygenated layer (>176 mmol/kg).
Abundance and Three-Dimensional Distribution of Paralarvae
A total of 694 paralarvae were collected in the two transects. Most of them (98%) were of length <4 mm, being classified as SD complex. However, of 28 paralarvae used in molecular genetic identification, all were confirmed to be from Dosidicus gigas (Figure 8) , showing that the SD complex was dominated by paralarvae of D. gigas. The paralarvae >4 mm size were identified as D. gigas (10 paralarvae) and S. oualaniensis (1 paralarva).
There were no statistically significant differences in the total paralarvae of the SD complex between day and night hours (P > 0.05), but there were significant differences among the three strata (P < 0.05), with the Table 2 ). The threedimensional distribution of the paralarvae of the SD complex (Figures 5 and 6) showed the same pattern during hours of light (white fill) and darkness (black fill) corresponding with the result of the previous test. In both transects, most of the paralarvae were found in the entrance to the Gulf, between the lower limit of the thermocline (168C) at 20-50 m depth and the surface (268C) (Figures 5a and b) , i.e., in the most oxygenated layer (176 mmol/kg) of the water column Figures 5c and 5d), coinciding with the layer with the highest chlorophyll a concentrations (Figures 6c  and 6d ). However, some paralarvae nuclei were observed below this layer, at stations E11 and E19, and at station C09, in the areas influenced by eddy A1, although they were less abundant in the crossshore transect than in the alongshore transect (Figures 5 and 6 ).
The highest abundance of the SD complex paralarvae (>100 paralarvae/1000 m 3 ) were concentrated in the center of the inshore flank of the eddy A1 between stations E11 and E19 of the alongshore transect, where the low-salinity (<35 g/kg) values were observed ( Figure 6a and Table 2 ).
The minimum SD complex paralarvae abundance was recorded off Cabo Corrientes, where bottom depth was shallower and the hypoxic layer was reduced to a thin layer between 35 and 40 m depth (Figures 5  and 6 ). Paralarvae were also almost completely absent from the north of the study area, between stations The real range of this trawl was thermocline strata, as shown in Table 1 Even though the number of paralarvae of D. gigas of size >4 mm that were identified by morphological characteristics in this work was small (10 paralarvae), these few paralarvae were found in the same layer of the water column as the paralarvae of the SD complex (Figure 7) . Most of the D. gigas paralarvae were located in salinities >35 g/kg, on the periphery of eddy A1 in both transects, although some were present in station C17, which had salinities < 34.8 g/kg.
The PCA (Figure 9 ) showed that the abundant data contribute 12% of the total variance, while the first two principal components explained 70% of the total variance in the environmental matrix (Table 3) . In a global view, the ordination of the samples indicates that the preferential habitat of the SD complex paralarvae is in the warm, oxygenated water with high chlorophyll a and zooplankton biomass. The samples taken in the eddy A1 (filled black circles) were mostly situated in the high-temperature, high oxygen, and low-salinity sector, where the major abundance occurred. Those samples that fell into the right-hand side of the diagram (white circles) were correlated with the hypoxic strata below the eddy A1, but with lower abundances than in the mixed layer and thermocline.
The H-S A diagram corresponding to the temperature range from 5 to 298C confirmed that the lowest dissolved oxygen concentration corresponded to the temperature range less than 168C (Figure 10 ), in the Subtropical Subsurface Water (StSsW) and Pacific Intermediate Water (PIW). The highest dissolved oxygen This last water mass was trapped in the eddy A1 (Figure 6 ). GCW and CCW-GCW corresponded to temperatures >178C. Some oxygenated values were observed in California Current Water (CCW) in temperature >158C.
The H-S A diagram of Figure 10 demonstrates that the SD complex paralarvae were located mostly in the GCW, with high dissolved oxygen, temperature, and salinity (17/40 samples with SD complex presence), and in the CCW-GCW, again with high dissolved oxygen and temperature, but with lower salinity than the GCW (16/18 samples with SD complex presence and high abundance values). The presence of SD complex paralarvae in the California Current Water (CCW) corresponds to paralarvae observed in station C17 at the edge of eddy C1 sampled in the cross-shore transect (Figure 6 ). The frequency of the SD complex paralarvae was reduced in the StSsW, which was characterized by the hypoxic and suboxic waters (10/25 samples with SD complex presence).
Discussion
This work reveals, for the first time, the three-dimensional distribution of paralarvae of the SD complex, most likely composed of D. gigas, at the northern limit of the OMZ of the Eastern Tropical Pacific Ocean, the largest natural hypoxic region of the world. It demonstrates the affinity of the paralarvae of the SD complex, for warm ( >198C) and oxygenated (>176 mmol/kg) water. The in situ data illustrate the influence of oceanographic phenomena, such as an anticyclonic eddy or local upwelling, on the distribution of the SD complex (Figures 5 and 6 ).
Habitat of the Paralarvae of the SD Complex
The results demonstrate that in spring 2012, the oxygenated layer extended from the sea surface to 30-40 m depth throughout the area, although it thinned slightly off Cabo Corrientes and thickened in the area influenced by the anticyclonic eddy A1 (Figure 5) . Similarly, the hypoxic layer (9 >DO >44) mmol/kg was reduced in thickness overall from the entrance of the Gulf of California to off Cabo Corrientes. The oxypleth of 9 mmol/kg, rose from a depth of 180 m inside the entrance of the Gulf to 30 m depth off Cabo Corrientes near the Islas Marias, deepening slightly inside the anticyclonic eddy A1. Thus, the thickness of the (Figure 2 ). These results may be compared with a previous study of a closely similar transect [Davies et al., 2015] during winter (mixing period), when the surface oxygenated layer fluctuated between 40 and 60 m depth, and the hypoxic layer also elevated and thinned toward the south, where it had a thickness of 40 m depth near Cabo Corrientes. The present study highlights that, with the increased stratification and thinning of the oxygenated and hypoxic layers in spring as compared to winter, suboxic water was introduced to within 50 m of the sea surface, an extreme situation. In both periods, this pattern is influenced by the shoaling near the coast of deeper layers, including those of low oxygen, driven by semicontinuous upwelling off Cabo Corrientes [Cepeda-Morales et al., 2013; Le on-Ch aves et al., 2015; Davies et al., 2015] . These results are in agreement with the climatological maps of the shallow hypoxic layer based on oceanic observations from 1950 to 2002 of Fiedler and Talley [2006] ; although their shallowest stations are deeper than in this study, both latitudinal (NW to SE) and coastal-oceanic (off Cabo Corrientes) gradients of decrease in the depth of the shallow hypoxic water are clearly observed.
The biological effects of the shallow occurrence of the hypoxic and suboxic layers off Cabo Corrientes, particularly during the stratification period, when the thermocline (16 to 208C isotherms) is well established, were difficult to determine because of the scarcity of observations and the sampling strategy. However, if the oxygenated habitat is thinned, it must impact negatively in the survival of zooplankton organisms there, as is the case of the paralarvae of the SD complex. The habitat reduction will cause mortality by increasing environmental stress on the planktonic organisms that are sensitive to minor changes from temperature variations to changes in the trophic niche, such as increase in competition for food [Lynch, 1977] and vulnerability to predation, as has been reported for other zooplankton groups [Clark and Nelson, 1997; Rohner et al., 2013] . There is still little information about the paralarvae habitat, not only in the area of study, but also off the Peru and Chile coasts, where the species also spawns actively [Arg€ uelles et al., 2001; Rosa and Seibel, 2010] .
In this work, most paralarvae of the SD complex, dominated by paralarvae of D. gigas, were located in and above the thermocline, in the oxygenated layer corresponding to transitional CCW-GCW and GCW ( Figure  10 ), suggesting that this is the preferential habitat of the paralarvae of the D. gigas. Staaf et al. [2013] , who collected paralarvae with surface (20 cm depth) and oblique tows (from 200 m depth to surface) in a broad region of the Eastern Tropical Pacific Ocean, found that the highest abundance of paralarvae of SD complex was in the surface tows near temperatures of 298C. Our study indicates that the paralarvae prefer to dwell in the oxygenated layer above the 168C isotherm up to the sea surface (268C) with strongest affinity to the uppermost layer.
The preference of the paralarvae of the SD complex for the surface layer of the water column contrasts with the reported behavior of the juveniles and adults of these two species coexisting in this region of the Pacific. The organisms in these pelagic stages, which have been described as active vertical migrators between 1000 m depth and the sea surface, may have an important influence on the vertical energy flow in the pelagic ecosystem and provide an efficient transport of energy from the surface to deeper waters [Markaida et al., 2005; Gilly et al., 2006] . In fact, Rosa and Seibel [2010] , in a physiological study of D. gigas juveniles, underlined their advantage of greater metabolic efficiency in hypoxic and cold water than other predators. The juveniles and adults thus exhibit a wide range of tolerance for dissolved oxygen concentrations and temperature, contrary to the restricted vertical habitat of their planktonic stages (paralarvae). Nevertheless, the results of Staaf et al. [2011] on the role of light on paralarvae behavior, suggest the possibility that the paralarvae may migrate through the thin surface layer on a daily cycle, like fish larvae of coastal demersal species [S anchez-Velasco et al., 2013] .
Paralarvae of the SD Complex and Mesoscale Processes
In the entrance of the Gulf of California, where the hypoxic and suboxic waters were located at greater depth, a strong salinity front associated with the northern boundary of the eddy A1 was detected (Figures 2  and 6 ). The front resulted from the confluence of the surface water masses of high-salinity GCW (S >35.4 g/ kg) with lower-salinity CCW-GCW and the CCW (S < 34.8 g/kg) (Figures 6 and 10) . Although the data obtained in this study cannot provide a complete description or explanation of the front, the results correspond with previous observations of strong salinity fronts in the entrance to the Gulf of California, where a southward branch of the California Current, called by God ınez et al. Biologically, the salinity front might represent the northern limit of the paralarvae distribution in the study (Figure 6 ) because only two paralarvae were found NW of this front. Even though the salinity front may be a limit for plankton as mentioned in previous studies of fish larvae [Davies et al., 2015] , adult and juvenile organisms that tolerate broad salinity ranges can enter the Gulf of California in pursuit of better environmental conditions for their planktonic stages, as is the case of the jumbo squid. High abundances of jumbo squid have been reported south of the central archipelago of the Gulf from the early 1980s [Gilly et al., 2006; Staaf et al., 2008; Camarillo-Coop et al., 2011; De Silva-D avila et al., 2015] . However recently, Robinson et al. [2015] reported a prolonged decline of jumbo squid landings in the Gulf associated with chronically low wind stress and decreased chlorophyll a after El Niño 2009-2010, perhaps reflecting a sensitivity of the adults of the species to major climatic changes. The apparent lack of spawning of D. gigas, as indicated by near-zero paralarvae abundance in the south of the Gulf could be related to this decline. However, in this study we have no evidence to substantiate this.
In the present study, the salinity front (34.6-35.4 g/kg) was associated with the presence of the anticyclonic eddy A1 (120 km diameter and >500 m depth) (Figures 2, 3 and 6 ) that contained low salinity of CCW water (S < 34.8 g/kg). The altimetry data suggested that water from the California Current region was recirculated around the cyclonic eddy C1 and then around the anticyclonic eddy A1 (Figure 2 ). However, with only one CTD station showing California Current properties (Figure 10 ), the sparse sampling does not allow definite conclusions. Future study of the trajectory, extent, and continuity of the surface salinity minimum would clearly contribute to understanding the biological connectivity between the Tropical Branch of the California Current and tropical-subtropical water masses.
The observation that the highest abundance of paralarvae of SD complex, dominated by D. gigas, occurred in the eddy A1 in the entrance of the Gulf of California (Figure 6 ), indicates that mesoscale eddies might affect their distribution, as has been found for other zooplankton groups [S anchez-Velasco et al., 2013; L eonCh avez et al., 2015] . Previous studies focused on mesoscale eddies in the northeastern tropical-subtropical Pacific Ocean [Kurczyn et al., 2012 [Kurczyn et al., , 2013 indicate continuous generation of mesoscale eddies in this OMZ, with predominance of anticyclonic over cyclonic eddies, as appears general in the ocean [e.g., Graves et al., 2006] . It is probable that if the D. gigas adults spawn in warm and oxygenated water, in a region where mesoscale eddies occur continuously, the probability for trapping by these would be high. Present results suggest that anticyclones may have an important role in the survival of the planktonic stages of the jumbo squid and other species that inhabitant the region, as well as in modifying the depth of the hypoxic and suboxic waters, with biological implications still unknown. [Klein and Lapeyre, 2009] , such as ageostrophic secondary circulation and mixing, which can modulate the plankton community distribution/structure through localized vertical fluxes. These may be related to the time evolution of eddies [McGillicuddy et al., 1998 ], to eddy/wind interactions in the eddy interior [Martin and Richards, 2001; McGillicuddy et al., 2007] , or to nonlinear Ekman and frontal effects at the eddy periphery [Mahadevan et al., 2008] . Such processes may affect different areas of the eddy to produce vertical circulations counter to the accepted idea of general surface convergence leading to sinking at the anticyclone center, and could be responsible for the enhanced chlorophyll a concentrations observed in the periphery of A1. However, much more detailed observations and modeling will be required to fully understand the interaction of the paralarvae and other planktonic organisms with the eddy dynamics.
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Final Considerations
Considering the evidence shown in this study, it can be suggested that if the hypoxic water is expanding vertically in this region, as has been documented globally for all OMZs in other environmental research [Stramma et al., 2008; Bazzino et al., 2010] , then the paralarvae habitat of the SD complex, specifically of D. gigas, is being reduced into a thinner surface layer. By increasing environmental stress, this may affect paralarvae survival. The thinning of the warm oxygenated layer preferred by the paralarvae by itself might not explain northward expansion of the area of distribution, even if it causes lower abundance locally. However, because thinning is associated with a general warming due to global change, and possibly regime shift in the Eastern Pacific Ocean (a cold phase since 1997) [Chavez et al., 2003; Zeidberg and Robison, 2007] , the area suitable for paralarvae development to maturity might be expanding poleward.
Despite the accepted general vertical expansion of the hypoxic zone [Stramma et al., 2008 [Stramma et al., , 2010 , the present observations represent only one sampling window, without any view of the development over time, which makes it difficult to reach firm conclusions about the complex situation in this study area. In the study of Cepeda-Morales et al. [2013] , stations close to E37 near Cabo Corrientes encountered the oxypleth of 9 mmol/kg at levels deeper than 100 m in a typical March. This observation is consistent with the hypothesis that the oxygenated layer is thinning in recent years, although such sparse information cannot be definitive. The need is clear, therefore, to begin planktonic monitoring in the context of environmental conditions. It is necessary first of all to determine the actual variability and overall rate of reduction of this preferential habitat of the paralarvae of the SD complex and other zooplanktonic groups. Documenting the effects of a vertically shrinking habitat, in combination with warming related to climate change and during ENSO events, on the paralarvae and the coastal demersal and pelagic fish species with affinity to the oxygenated water, such as described by Davies et al. [2015] , would provide valuable indicators of the changes in the pelagic ecosystem related to the expansion of the OMZs.
